Mitochondria are sites of cellular energy production but may also influence life and death decisions by initiating or inhibiting cell death. Mitochondrial depolarization and the subsequent release of pro-apoptotic factors have been suggested to be required for the activation of a cell death program in some forms of neuronal apoptosis. We induced apoptosis in cultured rat hippocampal neurons by exposure to the protein kinase inhibitor staurosporine (STS) (300 nM). The time course of mitochondrial membrane potential (⌬⌿ m ) during apoptosis was examined using the probe tetramethylrhodamine ethyl ester (TMRE). Cells exhibited no decrease in TMRE fluorescence, indicative of mitochondrial depolarization, up to 8 hr after STS exposure. Rather, baseline TMRE fluorescence remained unchanged up to 2 hr and thereafter actually increased significantly. Throughout this time period, the mitochondria could also be depolarized with the protonophore carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP, 0.1 M), exhibiting the same relative magnitude of fluorescence release (unquenching) as controls. Even after 16 hr of staurosporine treatment, neurons that showed signs of nuclear apoptosis maintained ⌬⌿ m and could be depolarized with FCCP. In contrast, caspase-3-like activity had increased roughly sevenfold by 2 hr and Ͼ20-fold by 8 hr. Double-labeling of hippocampal neurons with the potential-sensitive probe Mitotracker Red Chloromethyl X-Rosamine and an antibody to cytochrome c demonstrated at the subcellular level that mitochondrial cytochrome c release also occurred in the absence of mitochondrial depolarization. These data suggest that mitochondrial depolarization is not a decisive event in neuronal apoptosis.
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It has become increasingly clear that the activation of a cell death program may be responsible for pathophysiological cell death in neurodegenerative disorders, including Alzheimer's disease (Thompson, 1995) . Known elements of this program include members of the bcl-2 gene family, Apaf-1, and proteases of the caspase family (Cohen, 1997; Reed, 1997a; Salvesen and Dixit, 1997; Z ou et al., 1997) .
Once thought to be merely the center of cellular ATP production, mitochondria are increasingly implicated as sensors and executioners in the cell's decision to live or die (Kroemer et al., 1997; Reed, 1997b; Murphy et al., 1999) and may even influence the mode of cell death chosen, necrosis or apoptosis, depending on their f unctional state (Nicotera and Leist, 1997; Tsujimoto, 1997) . It has been suggested that mitochondria are capable of releasing pro-apoptotic factors into the cytosol, including apoptosis-inducing factor (AI F), which has been shown to induce chromatin condensation and oligonucleosomal DNA fragmentation in isolated nuclei (Susin et al., , 1999 Z amzami et al., 1996a) , and cytochrome c, which can activate, with the help of Apaf-1 and (d)ATP, procaspase-9 and the caspase cascade (Li et al., 1997; Zou et al., 1997) .
What remains as yet unresolved is the mechanism by which pro-apoptotic factors are released into the cytosol. One candidate is the so-called mitochondrial permeability transition pore (PTP) (Kroemer et al., 1997; Marzo et al., 1998) . The PTP is triggered by an increase in matrix Ca 2ϩ , pro-oxidants, and mitochondrial depolarization and appears to be nonspecific and permeable to solutes under 1.5 kDa (Zoratti and Szabo, 1995) . Because it results in inner membrane permeability to protons, PTP is associated with a decrease in mitochondrial transmembrane potential (⌬⌿ m ) (Zoratti and Szabo, 1994; Zamzami et al., 1996a) . Because cytochrome c has a molecular weight of 15 kDa, the opening of a PTP is probably not sufficient to release cytochrome c directly but could trigger cytochrome c release by causing mitochondrial swelling and/or rupture of the outer mitochondrial membrane (Vander Heiden et al., 1997) .
A reduction in ⌬⌿ m has been observed in a number of models of apoptosis (Ankarcrona et al., 1995; Zamzami et al., 1996b; Boise and Thompson, 1997; Wadia et al., 1998; Heiskanen et al., 1999) . On the other hand, however, studies in non-neuronal cells have suggested that this is not a primary event in apoptosis (Kluck et al., 1997; Vander Heiden et al., 1997; Yang et al., 1997; Bossy-Wetzel et al., 1998; Yoshida et al., 1998) . Thus, although the importance of mitochondria in programmed cell death (PCD) seems fairly clear with respect to the release of pro-apoptotic factors, the events preceding this remain unresolved. Staurosporine (STS), a potent inhibitor of survival protein kinases (Bertrand et al., 1994) , is widely used to activate PCD in neuronal and non-neuronal cells (Falcieri et al., 1993; Koh et al., 1995; Prehn et al., 1997) . We examined the importance of mitochondrial depolarization in STS-induced apoptosis of cultured rat hippocampal neurons using the potential-dependent probes tetramethylrhodamine ethyl ester (TMRE) and Mitotracker Red Chloromethyl X-Rosamine (C MX Ros) in conjunction with digital video and immunofluorescence microscopy.
MATERIALS AND METHODS
Cell culture. Primary cultures of hippocampal neurons were prepared from neonatal (P1) Fischer 344 rats according to Prehn (1998) . Dissected hippocampi were incubated for 20 min at 37°C in Leibovitz L -15 medium (Life Technologies, Eggenstein, Germany) containing 0.1% papain. Afterward, the medium was removed, and the cells were suspended by gentle trituration in M EM supplemented with 10% N U-serum, 2% B-27 supplement (50ϫ concentrate), 2 mM L-glutamine, 20 mM D-glucose, 26.2 mM sodium bicarbonate, 100 U/ml penicillin, and 100 g /ml streptomycin (Life Technologies). The suspension was layered over medium containing 10 mg /ml trypsin inhibitor and centrif uged for 10 min at 600 rpm. The cells were then resuspended, plated, and incubated in M EM at 37°C in an atmosphere of 95% air and 5% carbon dioxide. For imaging studies, cells were grown on poly-L-lysine-coated glass coverslips that had been placed into 35 mm Petri dishes (Falcon, Heidelberg, Germany). For immunofluorescence microscopy experiments, cells were plated onto eight-well tissue culture slides (Becton-Dickinson, Heidelberg, Germany). In all other cases, neurons were plated onto poly-L-lysine-coated 24-well plates (Nunc, Hamburg, Germany). After 24 hr in vitro, cultures were treated with the anti-proliferation agent cytosine ␤-arabinof uranoside (CAF) (1 M; Sigma, Deisenhofen, Germany). After an additional 24 hr, the cells were given fresh CAF-containing medium. E xperiments were performed on 8-to 10-d-old cultures. Animal care followed official government guidelines.
Induction of apoptosis. We induced apoptosis in rat hippocampal neurons by exposure to the protein kinase inhibitor STS. STS-induced cell death is a commonly used model in the study of apoptosis in both neuronal and non-neuronal cell types (Falcieri et al., 1993; Bertrand et al., 1994; Koh et al., 1995; Prehn et al., 1997) ; is characterized by shrinkage of the cell body, membrane blebbing, chromatin condensation, nuclear pyknosis, and positive labeling of 3Ј-OH-DNA ends using the terminal deoxynucleotidyl transferase-based dUTP-digoxigenin nick-end labeling (TUN EL) technique; and can be reduced by 24 hr pretreatment with the protein synthesis inhibitor cycloheximide or the G 1 /S cell cycle inhibitor mimosine, as well as by caspase inhibition (Koh et al., 1995; Prehn et al., 1997; Krohn et al., 1998) . To induce apoptosis, staurosporine (Sigma; 1 mM stock in DMSO) was added to the culture medium to a final concentration of 300 nM, a concentration that has been shown to induce rapid apoptotic cell death in Ͼ75% of cultured rat hippocampal neurons (Prehn et al., 1997) . Controls were exposed to an equal volume of the vehicle.
Estimation of mitochondrial membrane potential (⌬⌿ m ) . TMRE is a cationic, lipophilic dye that accumulates in the negatively charged mitochondrial matrix according to the Nernst equation potential (Ehrenberg et al., 1988) . A TMRE (Molecular Probes, Leiden, The Netherlands) stock was prepared at a concentration of 10 mg /ml in DMSO and stored at Ϫ20°C. Working stocks of 1 mg /ml were made up fresh in distilled water. For estimation of ⌬⌿ m , cells were incubated with 100 nM TMRE for 15 min at room temperature in H EPES-buffered saline (HBS) consisting of (in mM): 144 NaC l, 10 H EPES, 2 C aC l 2 , 1 MgC l 2 , 5 KCl, 10 D-glucose; 320 mOsm; pH 7.4. The dye was present in the buffer during the entire course of the experiment. TMRE fluorescence was then measured using a fluorescence microscope (Axiovert 100 inverted-stage microscope; Z eiss, Oberkochen, Germany) with a 40ϫ fluorescence objective and attenuated UV illumination from a 75 W xenon arc. Optics were as follows: excitation, 490 nm; dichroic mirror, 505 nm; and emission, Ͼ510 nm. Under these conditions, autofluorescence was negligible. Images were collected every 15 sec using an intensified CCD camera (C 2400 -87, Hamamatsu, Herrsching, Germany) with the camera controller gain set to 2.5. Sixteen frames were averaged for each image, which was digitized as 256 ϫ 256 eight-bit pixels. A background image was taken before each experiment and was later subtracted from the images. Data were analyzed using Argus-50 software (Hamamatsu). Neurons were recognized by morphology as well as by their position in a higher plane of focus than astrocytes; they generally showed considerably lower basal TMRE fluorescence. Fluorescence data, which reflect the average pixel intensity obtained from the neuronal soma excluding the nucleus, are expressed in arbitrary fluorescence units (FlU).
Baseline TMRE fluorescence was measured for the first 5 min of each experiment. At that point, the cells were exposed to the protonophore carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCC P) (0.1 M in TMRE-containing HBS; Sigma). FCC P depolarizes mitochondria by abolishing the proton gradient across the inner mitochondrial membrane (Gunter and Pfeiffer, 1990; Prehn et al., 1994) . After 5 min of exposure, the FCC P-containing buffer was replaced with fresh TMRE-containing HBS, allowing the cells to recover ⌬⌿ m .
For some experiments, the nuclei of cells were imaged after estimation of ⌬⌿ m . The culture medium was returned, and cultures were incubated with the cell-permeant, live-cell nucleic acid stain SYTO 16 (1 mM stock in DMSO; Molecular Probes) at a concentration of 1 M for 30 min at 37°C (Frey, 1995) . The medium was then aspirated, the cultures were washed in HBS, and the nuclear fluorescence was acquired using the above-mentioned imaging system. Apoptotic nuclei were distinguished by increased SYTO 16 fluorescence, indicative of chromatin condensation (Frey, 1995) .
Mitotrack er Red CMX Ros and c ytochrome c double-labeling. After the indicated length of exposure to 300 nM STS, hippocampal cultures were incubated with 50 nM Mitotracker Red C MX Ros (Molecular Probes) for 30 min at 37°C in culture medium. Similarly to TMRE, this dye is taken up by mitochondria as a result of ⌬⌿ m (Susin et al., 1999) . After uptake, C MX Ros forms thiol conjugates with cell peptides, inhibiting release of the dye from mitochondria and enabling fixation of cells while retaining the dye. After incubation with C MX Ros, cultures were washed with PBS, fixed for 20 min at 37°C with freshly made 4% formaldehyde in PBS, and permeabilized with 0.1% Triton X-100 for 3 min at 4°C. After permeabilization, the cultures were washed again, then incubated in blocking buffer (2% low-fat milk powder, 2% bovine serum albumin, 0.1% T ween 20, in PBS, pH 7.4) for 1 hr at room temperature. The primary antibody (anti-cytochrome c, clone 6H2.B4, PharMingen, San Diego, CA), which recognizes the native form of cytochrome c, was then added at a concentration of 10 g /ml for 2 hr at room temperature. After washing, biotin-conjugated anti-mouse IgG (1:1000; Vector Laboratories, Burlingame, CA) was added for 1 hr at room temperature, followed by a streptavidin -Oregon Green conjugate (1 g /ml, 20 min, Molecular Probes). C MX Ros and Oregon Green fluorescence were observed using an Eclipse TE300 inverted microscope and either a 20ϫ dry or 100ϫ oil immersion objective (Nikon, Düsseldorf, Germany) with the following optics: for C MX Ros, excitation, 510 -560 nm; dichroic mirror, 575 nm; emission, Ͼ590 nm; for Oregon Green, excitation, 465-495 nm; dichroic mirror, 505 nm; emission, 515-555 nm. Digital images of equal exposure for control and STS-treated cultures were acquired with a SPOT-2 camera (Diagnostic Instruments, Sterling Heights, M I) using Metamorph software (Universal Imaging Corporation, West Chester, PA). The images were deconvoluted using No Neighbor Deblurring software (kindly provided by Dr. B. Lindemann, University of Saarbrücken, Germany), which applies the algorithm of Monck et al. (1992) to reduce image background haze attributable to light originating from unsharp areas of the specimen.
Assessment of mitochondrial mass: quantitation of Mitotrack er Green FM and nonyl acridine orange fluorescence. Mitotracker Green FM (MTGFM)
is a mitochondrion-selective probe that becomes fluorescent in the lipid environment of mitochondria. MTGFM contains a thiol-reactive chloromethyl moiety, resulting in stable peptide and protein conjugates after accumulation in mitochondria. Unlike TMRE and C MX Ros, uptake of this probe is less dependent on ⌬⌿ m (see Table 2 and manufacturer's information), thus allowing estimation of mitochondrial mass in both live and fixed cells (Metivier et al., 1998) . A 1 mM stock solution of Mitotracker Green FM (Molecular Probes) was made in DMSO. At the indicated time points after addition of STS, the stock solution was diluted in the culture medium to a final concentration of 200 nM, and the cultures were incubated for 30 min at 37°C. The cultures were then rinsed twice with PBS and extracted with 200 l lysis buffer (10% SDS, 0.1 M Tris, pH 7.5). E xtract fluorescence was then measured using the fluorescent plate reader described below, with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. Nonyl acridine orange (NAO) accumulates in mitochondria by binding to cardiolipin and has been used previously to measure changes in mitochondrial mass (Cossarizza et al., 1995; Mancini et al., 1997; Metivier et al., 1998 ). E xperiments with NAO were performed as with MTGFM, using a dye concentration of 1 g/ml.
Values are expressed as fluorescence units per microgram protein. Protein content was determined using a Pierce BCA Micro Protein Assay Kit.
Modulation of plasma membrane potential. The influence of plasma membrane potential on mitochondrial TMRE uptake was abolished by incubation in high K ϩ buffer. Hippocampal neurons were first treated with 300 nM STS or vehicle for 6 hr. After this, the medium was exchanged for a C a 2ϩ -free HBS containing either 5 or 50 mM KC l, in which the cells were incubated for 5 min before the addition of 100 nM TMRE. After a 10 min loading period, cellular TMRE fluorescence was acquired with the aforementioned SPOT-2 camera system, and fluorescence intensities were analyzed using Metamorph software.
Measurement of caspase-3-lik e activit y. After the indicated lengths of exposure to staurosporine, the culture medium was aspirated, the cultures were washed with PBS, and the cells were lysed with 200 l of lysis buffer [10 mM H EPES, pH 7.4, 42 mM KC l, 5 mM MgC l 2 , 1 mM PMSF, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), 1 g /ml pepstatin A, 1 g /ml leupeptin, 5 g /ml aprotinin, 0.5% 3-(3-cholamidopropyldimethylammonio)-1-propane sulfonate (CHAPS)]. Fifty microliters of this extract were added to 150 l of reaction buffer (25 mM H EPES, 1 mM EDTA, 0.1% CHAPS, 10% sucrose, 3 mM DTT, pH 7.5), which was supplemented with 10 M acetyl-DEV Daminomethylcoumarin (Ac-DEV D-AMC) (Alexis, Grünstetten, Germany), a fluorogenic substrate for caspase-3 and related proteases, including caspase-1, -4, -6, -7, and -8 (Talanian et al., 1997; Garcia-C alvo et al., 1999) . Production of fluorescent AMC was monitored for 120 min at room temperature using a fluorescent plate reader (FL 500, Biotek, Hamburg, Germany) (excitation 380 nm, emission 460 nm). Fluorescence of blanks containing no cellular extracts were subtracted from the values. C aspase-3-like activity is expressed as change in fluorescence units per 120 min per microgram protein. Total protein content, determined as above, did not change significantly up to 12 hr into STS exposure.
Nuclear changes. To observe nuclear changes occurring during apoptosis, the chromatin-specific dye Hoechst 33258 (Sigma) was used. Cultures were fixed for 10 min with 4% formaldehyde in PBS at 37°C, then permeabilized by treatment with a 19:1 mixture of ethanol /acetic acid for 15 min at Ϫ20°C. After being washed with PBS, the cells were stained with 1 g /ml Hoechst 33258 in PBS for 20 min at room temperature and then washed again. Hoechst staining was viewed with an Axiovert 135 fluorescence microscope (Z eiss) using a 40ϫ fluorescence objective, with UV illumination from a 50 W xenon arc. Optics were as follows: excitation, 365 nm; dichroic mirror, 395 nm; and emission, 420 nm. Nuclei of control cells appeared oval, with a septate pattern of blue fluorescence. During STS-induced apoptosis, nuclei displayed increased brightness, indicative of chromatin condensation, or fragmented into smaller bodies. Apoptotic and nonapoptotic nuclei were counted in 10 randomly chosen subfields per culture well.
Inhibitors of mitochondrial permeabilit y transition. The immune suppressant cyclosporine A inhibits the opening of the mitochondrial P TP by binding to cyclophilin D and bongkrekic acid by stabilizing the adenine nucleotide translocator in the matrix-facing conformation (Z oratti and Szabo, 1995; Murphy et al., 1999) . Hippocampal neurons were pretreated for 1 hr with cyclosporine A (10 M) or bongkrekic acid (50 M), and 300 nM STS was added to the culture medium. After 24 hr incubation, apoptotic degeneration was assessed by Hoechst staining (see above).
Statistics. Where not noted otherwise, data are presented as means Ϯ SEM. For statistical comparison of viability and caspase activity data, one-way ANOVA followed by T ukey's test were used. Imaging data were analyzed using the nonparametric Kruskal -Wallis test, followed by pairwise comparisons using the Mann -Whitney U test. p values Ͻ0.05 were considered to be statistically significant.
RESULTS

Estimation of mitochondrial membrane potential
Exposure of rat hippocampal neurons to STS in a concentration range from 10 to 1000 nM induces apoptosis (Prehn et al., 1997; Krohn et al., 1998) . In this study, we used an STS concentration of 300 nM, which results in rapid and extensive neuronal cell death in the cultures (Fig. 1) (Prehn et al., 1997) . To relate changes in ⌬⌿ m to these apoptosis-specific events, we established a time course of nuclear changes using Hoechst 33258. As assessed with the Hoechst dye, control cultures showed a low level of nuclear condensation and fragmentation (2.4 Ϯ 1.6%) (Fig. 1C) . After 2 hr of staurosporine exposure, this increased significantly to 17.7 Ϯ 4.3%, and by 4 hr it increased to 28.2 Ϯ 7.2%. By 8 hr, slightly more than half of the neurons showed a condensed or fragmented nuclear morphology. There was a further increase up Figure 1 . Nuclear apoptotic changes in hippocampal neurons exposed to staurosporine. A, B, Hoechst 33258 staining of nuclear chromatin. Cultured rat hippocampal neurons were treated with 300 nM staurosporine or vehicle for 24 hr. Note the condensation and increased fluorescence of nuclei from STS-treated cells as well as the appearance of nuclear fragmentation (arrows). Scale bar, 20 m. C, Time course of nuclear apoptosis. Cultured rat hippocampal neurons were treated with 300 nM staurosporine for the indicated periods of time (0 -24 hr). Nuclei were considered apoptotic if the nucleus became increasingly bright and decreased in size or fragmented into apoptotic bodies. Data are means Ϯ SEM from n ϭ 4 -8 cultures in three separate experiments. *p Ͻ 0.05 with respect to control. to 24 hr, the end point of observation, by which time 76.8 Ϯ 5.5% of the neurons were affected.
TMRE, a cationic, lipophilic dye was used for the estimation of mitochondrial membrane potential (⌬⌿ m ) after STS exposure. TMRE enters cells and reversibly accumulates in the highly negatively charged mitochondrial matrix according to the Nernst equation, so that potential can be measured dynamically; release of TMRE after mitochondrial depolarization and its reuptake after repolarization can be quantified. Cultures that had been treated with 300 nM staurosporine for the indicated times were loaded with 100 nM TMRE, which remained present in the buffer solution, and measured by digital video microscopy. The basal fluorescence of individual cells remained stable over a period of 5 min, indicating that TMRE had f ully equilibrated. Control cells had a mean basal fluorescence of 18 Ϯ 1 FlU. Subsequent statistical analysis of control and STS-treated neurons revealed that the data were not normally distributed and were heterogeneous with respect to variance. Kruskal -Wallis ANOVA, however, revealed a significant difference between groups. Thus the nonparametric Mann -Whitney test was used for comparisons between groups, and the data are presented for clarity in histogram form (Fig. 2) . In comparison with controls, there was no decline in TMRE fluorescence, indicative of mitochondrial depolarization, up to 8 hr after the onset of STS exposure, at which point more than half of the neurons showed a condensed or fragmented nuclear morphology. On the contrary, STS-treated cells showed a clear shift to higher fluorescence values, which was already significant at 2 hr and increased f urther during the course of STS treatment. The total pixel number of neuronal somata remained unchanged up to 12 hr after addition of STS (334 Ϯ 11 pixels for the 12 hr STS-treated cells vs 305 Ϯ 10 for the controls; p Ͼ 0.05; n ϭ 69 and 77 cells, respectively), suggesting that cell shrinkage occurred only later (Fig. 3 A, E) .
STS-treated neurons respond to FCCP
To prove that STS-treated cells f unctionally respond to pharmacological alteration of ⌬⌿ m and to ensure that the increased TMRE fluorescence values were not a result of TMRE release from the mitochondria through depolarization during dye loading and consequent "unquenching" of the dye (see below), we next examined the reaction of TMRE-loaded neurons to the protonophore FCC P (0.1 M). FCC P depolarizes mitochondria, releasing TMRE into the cytoplasm, which is accompanied by a transient increase in fluorescence ("unquenching") ( Fig. 3) (Duchen and Biscoe, 1992; Prehn et al., 1994) . We first characterized the neuronal response to various concentrations of FCC P and found that 0.1 M was sufficient to depolarize mitochondria from all cells, resulting in a fluorescence increase. Concentrations higher than this (0.3 or 1.0 M) did not lead to a greater TMRE release from mitochondria (data not shown). Fluorescence values collected after 0.1 M FCC P exposure (total exposure time: 5 min) showed the same trend as the basal values: a gradual increase in mean TMRE fluorescence, which first became significant at 2 hr and continued up to 16 hr, the latest time point at which cells were imaged (Fig. 2) , thus indicating that the mitochondria of STStreated neurons could still be depolarized. Of note, unquenching values, calculated by dividing TMRE fluorescence after FCCP exposure by the basal fluorescence, were not significantly different between groups (Table 1) , suggesting the absence of mitochondrial depolarization during dye loading.
To exclude the possibility that damaged cells from the later time points were washed out in preparation for imaging, and to ensure that the cells whose TMRE fluorescence we measured were representative of the entire population, we stained selected cultures with SYTO 16, a live-cell nucleic acid probe, subsequent to imaging with TMRE. Cells that had been treated with staurosporine for 16 hr and showed signs of chromatin condensation, indicated by an increased SYTO 16 fluorescence, still maintained ⌬⌿ m and could be depolarized with FCCP (Fig. 4) .
Mitochondrial mass remains stabile during STSinduced neuronal apoptosis
Increases in both basal and FCCP-induced TMRE fluorescence could indicate an increase in ⌬⌿ m , mitochondrial volume, mitochondrial mass, or even plasma membrane potential. In an at- Figure 2 . Histogram representation of cellular TMRE fluorescence during the course of staurosporine-induced apoptosis. After the indicated lengths of exposure to 300 nM staurosporine, hippocampal cultures were incubated with 100 nM TMRE, and fluorescence was acquired using digital video microscopy. The x-axis represents fluorescence intervals into which the data were grouped, whereas the y-axis shows the percentage of cells from each treatment with fluorescence values within a given interval. Values in the lef t column represent baseline TMRE fluorescence (Basal ). Values in the right column represent the peak fluorescence after exposure to 0.1 M FCC P, when the dye is released from mitochondria after depolarization ("fluorescence unquenching"). In both cases, there is a progressive shift toward the right, corresponding to higher TMRE fluorescence. p values from Mann -Whitney U test comparisons with the corresponding controls are shown under the treatment conditions. Data are from n ϭ 27-150 cells (see Table 1 ).
tempt to differentiate between these possibilities, we first used the probe Mitotracker Green FM, an indicator of mitochondrial mass (Metivier et al., 1998) . A preliminary experiment in hippocampal neurons showed that uptake of this dye, in contrast to TMRE, was indeed not dependent on ⌬⌿ m (Table 2) . Additional studies performed in PC12 pheochromocytoma cells indicated that uptake of this probe was also not influenced by exposure to FCCP (10 M, 30 min), oligomycin (5 g/ml, 30 min), the C a 2ϩ ionophore A-23187 in combination with thapsigargin (5 and 1 M, 4 hr), or mastoparan (50 M, 4 hr) (data not shown). In subsequent experiments, we found that Mitotracker Green FM fluorescence of the hippocampal neuron cultures remained unchanged up to 12 hr after the start of staurosporine exposure (Fig. 5A ). In addition, we found that uptake of another probe used to determine changes in mitochondrial mass, nonyl acridine orange (Cossarizza et al., 1995; Mancini et al., 1997; Metivier et al., 1998) , also remained unchanged up to 12 hr after STS exposure (Fig. 5B) .
Incubation in high K ؉ buffer abolishes the STSinduced increase in TMRE fluorescence
Because mitochondrial mass remained unchanged during STSinduced apoptosis, we next examined the possibility that an increase in plasma membrane potential was in fact responsible for the increased uptake of TMRE after STS treatment. The Nernstian behavior of this cationic probe would predict a concomitant increase in uptake as either mitochondrial or plasma potential increases (Ehrenberg et al., 1988) . Plasma membrane hyperpolarization attributable to enhancement of outward potassium current has been observed in several models of neuronal apoptosis (Yu et al., 1997) . To eliminate this influence, a high K ϩ buffer containing 50 mM KCl was used to depolarize the plasma membrane. Hippocampal neurons exposed to 300 nM STS for 6 hr and loaded with TMRE again showed an increase in fluorescence compared with controls (Fig. 6) . In contrast, incubation in high K ϩ buffer decreased mitochondrial TMRE uptake in control cells but also prevented the increase in TMRE uptake seen after STS treatment. A reduction of the STS-induced increase in mitochondrial TMRE uptake was also observed in cultures treated with the potassium channel blockers tetraethylammonium (25 mM) and clofilium (1 M) 15 min before TMRE loading (data not shown).
Cytochrome c release proceeds without loss of ⌬⌿ m
Because we found no evidence of early mitochondrial depolarization in our experiments with TMRE, we next examined one possible consequence of mitochondrial depolarization--release of cytochrome c, which has been implicated in apoptotic cell death--with the aid of immunofluorescence microscopy in con- After loading with TMRE, baseline fluorescence was monitored for 5 min. Note the stability of the values, indicating that the dye distribution was fully equilibrated. At 5 min, the cultures were exposed to 0.1 M FCC P, which depolarizes the mitochondria, resulting in a characteristic increase in fluorescence ("unquenching") as the dye concentration equilibrates with that outside the mitochondria. The mitochondria of both control and staurosporine-treated cells could be depolarized with FCC P. After 5 min of FCC P exposure, the buffer was exchanged, and cells were allowed to recover ⌬⌿ m . Scale bar, 20 m. Cultured rat hippocampal neurons were exposed to 300 nM STS for the indicated periods. Unquenching ratios were calculated as the ratio of peak TMRE fluorescence after 0.1 M FCC P treatment to baseline fluorescence. Values are expressed as means Ϯ SEM from n neurons.
junction with monitoring of ⌬⌿ m using the potential-sensitive probe Mitotracker Red C MX Ros. Unlike TMRE, CMXRos forms stable thiol conjugates with cellular peptides, inhibiting release of the dye from mitochondria after loading. In addition, the formation of thiol conjugates allows fixation and doublelabeling of cells with an antibody to cytochrome c. Comparable to the results seen with TMRE, we saw no decrease in neuronal CMX Ros fluorescence after addition of STS but rather an increase by 8 hr (Fig. 7 A, C) . In contrast, cytochrome c staining of STS-treated cells was clearly lower than that of the respective controls by this time (Fig. 7 B, D) . In fact, cells that had already lost a considerable amount of cytochrome c by 8 hr exhibited increased CMXRos fluorescence (Fig. 7, arrows) . Furthermore, in many cells we observed a transition from a punctate to a diffuse staining pattern. Our observation of a decrease in cytochrome c staining could be indicative of cytochrome c modification or degradation after its release into the cytoplasm (Neame et al., 1998; Varkey et al., 1999) . A similar pattern was seen when the cultures were examined with a 100ϫ oil objective, allowing resolution of individual mitochrondria and mitochondria-rich regions (Fig. 8) . Mitochondria from STS-treated cells showed only a small level of staining for cytochrome c compared with controls; this was even the case in mitochondria and mitochondria-rich regions that showed a high level of staining with CMXRos ( Fig. 8 B, E) .
Time course of caspase-3-like activity
Cytochrome c release from mitochondria can lead to activation of the caspase cascade through consecutive activation of caspase-9 and caspase-3 (Li et al., 1997) . To assess whether caspase activation could proceed without mitochondrial depolarization, we measured caspase-3-like activity by monitoring the cleavage of a fluorogenic caspase substrate by extracts from staurosporinetreated neurons. Ac-DEVD-AMC is cleaved efficiently by caspase-3 but also by caspase-1, -4, -6, -7, and -8 (Talanian et al., 1997; Garcia-Calvo et al., 1999) . Production of the fluorescent cleavage product AMC was negligible with extracts from control cultures (1.1 Ϯ 0.6 FlU ⅐ 120 min Ϫ1 ⅐ g Ϫ1 protein) (Fig. 9) . By 2 hr of staurosporine exposure, cleavage activity had increased significantly to 7.6 Ϯ 1.1 FlU ⅐ 120 min Ϫ1 ⅐ g Ϫ1 protein. By 8 hr, at which point there had been no decrease in ⌬⌿ m , caspase-3-like activity reached a maximum, 23.6 Ϯ 0.7 FlU ⅐ 120 min Ϫ1 ⅐ g Ϫ1 protein, a Ͼ20-fold increase compared with the control. Cleavage activity then decreased by approximately one-half between 8 and 12 hr. Overall protein content remained unchanged up to 12 hr after addition of STS (data not shown). We also obtained evidence for the activation of caspases by Western blotting of caspase substrates. We observed cleavage of both poly-(ADPribose) polymerase, which is cleaved most efficiently by caspase-3 but also by other caspases (Margolin et al., 1997) , as well as ␣-spectrin, both reaching a maximum by 6 hr after STS addition (data not shown). Thus, cytochrome c release was accompanied by activation of caspase-3-like proteases, without a corresponding decrease in ⌬⌿ m .
No prevention of staurosporine-induced neuronal death by cyclosporine A or bongkrekic acid, inhibitors of the mitochondrial permeability transition
We pretreated hippocampal cultures with cyclosporine A (10 M) or bongkrekic acid (50 M), two potent inhibitors of PTP with distinct modes of action, 1 hr before exposure to 300 nM staurosporine. The percentage of apoptotic nuclei was assayed 24 hr after the start of staurosporine exposure by Hoechst 33258 staining. Cyclosporine A and bongkrekic acid both showed no significant toxicity when added alone (Fig. 10) . Neither PTP inhibitor reduced the level of apoptotic nuclear morphology after STS exposure. Cell viability, assessed by trypan blue staining, was also unaffected (data not shown). In addition, loss of mitochondrial cytochrome c was not influenced by treatment with cyclosporine A (45.3 Ϯ 2.5% neurons showing loss of mitochondrial cytochrome c immunofluorescence 6 hr after STS treatment vs 52.5 Ϯ 6.4% in STS-treated and cyclosporine A-treated cultures; n ϭ 4 cultures per treatment; p Ͼ 0.1).
DISCUSSION
In an attempt to clarify the importance of mitochondrial membrane potential in PCD of rat hippocampal neurons, we investigated the time courses of ⌬⌿ m , cytochrome c release, caspase activation, and apoptotic nuclear changes during staurosporineinduced apoptosis of cultured rat hippocampal neurons. Treatment with 300 nM staurosporine led to rapid, apoptotic cell death, which was characterized by the appearance of nuclear apoptotic morphology visualized with the chromatin stain Hoechst 33258. The percentage of nuclei showing condensation and fragmentation was already significantly higher than the controls by 2 hr after staurosporine treatment and by 8 hr had increased to more than half the cell population (Fig. 1C) . Caspase-3-like activity increased significantly (by nearly sevenfold) as early as 2 hr after staurosporine exposure and peaked 8 hr after the start of treat- Figure 5 . Measurement of mitochondrial mass using Mitotracker Green FM (MTGFM) and nonyl acridine orange (NAO). Cultured rat hippocampal neurons exposed to STS for the indicated times were loaded with MTGFM (200 nM, 30 min) or NAO (1 g/ml) in medium for 30 min at 37°C, and the fluorescence of cell extracts was measured using a fluorescence plate reader. No significant differences were found with respect to the controls. Data are the means Ϯ SEM from n ϭ 6 cultures. The experiments were repeated with similar results. Figure 6 . The STS-induced increase in cellular TMRE fluorescence is abolished by incubation in high K ϩ buffer. Hippocampal neurons were treated with 300 nM STS for 6 hr. After this, the medium was exchanged for C a 2ϩ -free HBS containing either 5 mM (Control ) or 50 mM (High K ϩ ) KC l, in which the cells were incubated for 5 min before the addition of 100 nM TMRE. After a 10 min loading period, cellular TMRE fluorescence was acquired. Data are presented in median /quartile form and represent values from n ϭ 100 -137 cells in two experiments per treatment. *p Ͻ 0.05 with respect to control. ment (Fig. 9) , at which point mitochondrial release of cytochrome c, an inducer of caspase activity, was readily apparent (Figs. 7, 8) .
In this context it is especially interesting that we observed no mitochondrial depolarization during the course of these staurosporine-induced apoptotic changes using either TMRE or CMX Ros, probes that accumulate reversibly and irreversibly, respectively, in mitochondria according to the magnitude of ⌬⌿ m . Particularly important, cells could be depolarized with FCCP throughout the length of staurosporine treatment, as shown with the reversible probe TMRE. Interestingly, even individual cells that were in the later stages of apoptosis (showing apoptotic nuclear changes as seen with SYTO 16) could be shown to maintain mitochondrial f unction (Fig. 4) .
We cannot fully discount the possibility that only a small portion of mitochondria depolarized, which might be sufficient to trigger events downstream. In our high-magnification observations with the probe CMXRos, however, we found no such evidence at the subcellular level (Fig. 8) . It is indeed conceivable that such a strategy would be risky for the organism, because a small number of mitochondria could determine the fate of entire cells (Murphy et al., 1999) . Our results are in agreement with the thought that apoptosis is an active process during which cells must maintain sufficient ATP levels and thus, presumably, mitochondrial function (Nicotera and Leist, 1997) .
We also examined the possibility that the mitochondrial PTP might be involved in staurosporine-induced PCD. Evidence for involvement of P TP in apoptosis includes the observation that known inhibitors of P TP such as cyclosporine A and bongkrekic acid prevent a number of apoptosis-associated events Pastorino et al., 1996; Z amzami et al., 1996b; Marzo et al., 1998) . A 1 hr pretreatment with cyclosporine A or bongkrekic acid (10 and 50 M, respectively) failed to prevent apoptosis after subsequent treatment with staurosporine ( Fig. 10) , suggesting that P TP is not necessary for the initiation of STS-induced apoptosis. The TMRE fluorescence data are f urther evidence against the participation of a P TP in this model. The opening of a PTP leads to loss of ⌬⌿ m , because the mitochondrion is no longer able to maintain a proton gradient across the inner membrane (Z oratti and Szabo, 1994; Z amzami et al., 1996a) . We observed no such loss of ⌬⌿ m during STS-induced apoptosis.
By 8 hr, when more than one-half the cell population showed signs of nuclear apoptosis, cytochrome c release was evident, and caspase-3-like activity had peaked, TMRE baseline fluorescence had actually increased by roughly 30% (Fig. 2) . A similar increase in CMX Ros fluorescence was also seen at this time point. By 16 hr after treatment, the increase in TMRE fluorescence was roughly 70%. This increase in TMRE fluorescence seen during the course of neuronal apoptosis could be caused by mitochondrial hyperpolarization/swelling (Vander Heiden et al., 1997) , an increase in mitochondrial mass (Mancini et al., 1997) , or plasma membrane hyperpolarization (Ehrenberg et al., 1988) . Our results support the latter alternative. We examined cellular uptake of Mitotracker Green FM and nonyl acridine orange, two probes used to evaluate changes in mitochondrial mass, and found no change in fluorescence up to 12 hr after the start of staurosporine treatment (Fig. 5) . On the other hand, incubation of cells in high K ϩ buffer was sufficient to prevent the increase in TMRE uptake seen after STS treatment (Fig. 6) , suggesting that this increase was caused at least partly by an increase in plasma membrane potential. Interestingly, Yu et al. (1997) found an increase in outward K ϩ current during neuronal apoptosis induced by STS or serum deprivation. Blocking this increase with high K ϩ or tetraethylammonium reduced the level of apoptosis, which suggests the potential importance of the plasma membrane potential in apoptotic cell death processes.
On the other hand, there is support for the idea that mitochondrial volume homeostasis could be involved in apoptosis and that anti-apoptotic Bcl-2-family proteins might function by stabilizing ⌬⌿ m and preventing swelling [Vander Heiden et al. (1997 ; but see Shimizu et al. (1998) ]. It has been suggested that mito- chondrial swelling could result in rupture of the outer membrane, a possible mechanism of release of pro-apoptotic factors (Vander Heiden et al., 1997) . Our observations of neurons incubated in high K ϩ buffer notwithstanding, it is possible that the increase in TMRE and C MX Ros fluorescence that we observed could reflect an actual increase in ⌬⌿ m or mitochondrial volume secondary to a defect in mitochondrial ADP/ATP exchange (Vander Heiden et al., 1999) . Moreover, mitochondrial hyperpolarization may increase the likelihood of mitochondrial generation of superoxide (Korshunov et al., 1997) , an event that significantly contributes to STS-induced neuronal cell death (Krohn et al., 1998) . Alternatively, the release of pro-apoptotic factors could be controlled by specific channels or contact points located in the mitochondrial membrane (Reed, 1997b) , could be subject to specific proteolytic processes, or could be caused by a reversal of protein import processes.
Although it is becoming clearer that mitochondria play an important role in PCD, especially in light of evidence that the release of pro-apoptotic factors from the mitochondria can initiate the caspase cascade, there is much conflicting data concerning the role of mitochondria upstream of this event. Using STSinduced cell death in cultured rat hippocampal neurons, we demonstrate that cytochrome c release, caspase activation, and nuclear apoptosis may proceed independently of loss of mitochondrial potential. We also show that mitochondria of neurons displaying morphological signs of apoptosis f unctionally respond to a depolarizing agent. Taken together, our data suggest that mitochondrial depolarization is not required for STS-induced neuronal apoptosis. This model of neuronal cell death may have broad biological significance, because it involves inhibition of survival kinases, increased oxidant stress, and a disturbance of neuronal C a 2ϩ homeostasis (Bertrand et al., 1994; Prehn et al., 1997; Krohn et al., 1998; Kumar and Mattson, 1999) , findings that have been suggested to be involved in neuronal cell death in neurodegenerative disorders. 
